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Abstract: We study the effects of extended fermion sectors, respecting custodial sym- 
metry, on Higgs production and decay. The resulting protection for the Z — > bj^bi and 
Z — > trtr decays allows for potentially interesting signals in Higgs physics, while main- 
taining the good agreement of the Standard Model with precision tests, without significant 
fine-tuning. Although being viable setups on their own, the models we study can par- 
ticularly be motivated as the low energy effective theories of the composite Higgs models 
MCHM5 and MCHM10 or the corresponding gauge-Higgs unification models. The spectra 
can be identified with the light custodians present in these theories. These describe the 
relevant physics in the fermion sectors of the models in a simplified and transparent way. 
In contrast to previous studies of composite models, we consider the impact of a realistic 
lepton sector on the Higgs decays. We find significant modifications in the decays to r 
leptons and photons due to the new leptonic resonances. While from a pure low energy 
perspective an enhancement of the channel pp — > h — > 77 turns out to be possible, if one 
considers constraints on the parameters from the full structure of the composite models, 
the decay mode into photons is always reduced. We also demonstrate that taking into ac- 
count the non-linearity of the Higgs sector does not change the qualitative picture for the 
decays into r-leptons or photons in the case of the dominant Higgs production mechanism. 
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1 Introduction 

Recently, a new boson has been discovered in both the ATLAS [1] and CMS [2] experiments 
at the Large Hadron Collider (LHC). It is still to be confirmed that this particle is the long- 
sought Higgs boson, the last missing ingredient of the Standard Model (SM) of Particle 
Physics. While the overall picture of the measured cross sections in its various decay 
channels is in reasonable agreement with the SM- Higgs expectations, there is also still room 
for significant deviations. In particular, both experiments observe a tendency towards an 
enhanced decay into two photons, at the level of 1-2 a. Moreover, although the trend for a 
depletion in the decay-channel into r-leptons has become less strong, a reduced rate in that 
mode still fits well with the data - the ATLAS results are still compatible with a vanishing 
signal, at the level of about 1 a [3, 4]. 

These trends might vanish after more statistics has been accumulated, however it is 
always worth studying the impact of extensions of the SM on Higgs physics, to examine to 
what extend they could agree with experimental tendencies or to constrain these models. 
The most straightforward way to enhance for example the two-photon signal without af- 
fecting other channels too much is to add new leptons to the SM with Higgs couplings that 
are not aligned to their masses. This opens the possibility of a constructive interference of 
the new leptons in the loop contributing to h — > 77 with the boson loop. This option 
has been considered in [5, 6]. In general, many models involving new particles have been 
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introduced to account for the enhancement in the photon channel, some without embed- 
ding the new physics into a motivated UV completion, others studying h — > 77 in (more) 
complete models, addressing the hierarchy problem of particle physics [5-43]. 

In this paper we want to consider, on the one hand, simple low-energy models featuring 
new quarks and leptons, that allow to clearly keep track of the observed effects in Higgs 
physics. On the other hand we also try to address the question where the new particles 
could come from, thereby increasing the predictivity of the setup. Most importantly, we 
are led by the request to keep the good agreement of the SM with precision tests also for 
the extended setup, without introducing severe fine-tuning. To that extend, we embed the 
new physics sector in a way that respects a custodial symmetry protecting the T parameter 
as well as the couplings of the Z boson to fermions. Such a symmetry is likely to be an 
ingredient of viable new-physics models at the TeV scale. 

To be specific, we study two realizations of an extended fermion sector, one fea- 
turing fundamental representations of 50(5), the other employing also an adjoint (ten- 
dimensional) representation of the same Lie-group, which both possess a custodial SU (2) l x 
SU(2)r x P LR (c SO (5)) symmetry. Although being valid setups on their own, they are 
particularly motivated as the low energy tails of minimal composite Higgs models (MCHM) 
or corresponding models of gauge-Higgs unification (GHU) [44-49]. 

Such models lead generically to the presence of light resonances associated to the top 
quark and required by custodial symmetry [50-56], with masses significantly below the 
actual scale of these models, m cust -C /. This is a consequence of the large value of the 
top mass and the enlarged fermion representations chosen to protect the Zbb vertex from 
anomalous corrections. Looking at the value of the lepton masses, there is a priori no 
reason to think that something analogous could happen in the lepton sector. However, as 
it was shown in [57], trying to explain the observed pattern of lepton masses and mixings 
with the help of a discrete A4 symmetry requires the r to be more composite than naively 
expected and thus makes the appearance of light r custodians quite likely. Phenomeno- 
logical consequences of such resonances at the LHC were also studied in detail in [58]. 
Although the presence of r custodians was predicted in [57] just for the MCHM5, where 
all the leptons are in fundamental representations of 50(5) x U(l)x, they are also present 
when we choose larger representations for the charged leptons [59]. Therefore, finding light 
r custodians at the LHC, directly or through the modifications induced on the different 
Higgs decays, could be interpreted as a strong hint for the compositeness of the recently 
discovered Higgs boson. 

At low energies E -C / one would see the SM plus resonances coming with the top 
quark and the r-lepton, which just corresponds to what we will be studying in this article. 
The impact of possible UV completions on the parameters of the models will be detailed 
further below. We will use the abbreviations MCHM5 (MCHMs+io) for these extended 
fermion sectors featuring 5s (5s plus one 10) of 50(5), although we will not consider the 
full composite models, i.e. we will neglect heavier fermionic resonances, possible changes 
in the gauge-boson sector and for the first part of the analysis also the effects from the 
non-linearity of the Higgs sector. We will however study the impact of the latter effect 
at the end of the article. Note that, in what we call the MCHMs+iq, we will only embed 
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the tr in a 10, whereas the other fermions will remain in the fundamental representation 
of SO(5). Due to the significant compositeness of the r-lepton one expects non-negligible 
effects in the lepton sector of Higgs physics, which have been neglected so far. It would be 
interesting to consider these effects also in complete composite Higgs models. A detailed 
examination of this is left for future work [59]. However, as we will explain below, the 
simplified setup of our analysis will already grasp the most important structure of these 
effects in a very transparent way and moreover is also valid in a more general context. 

In Section 2, we will detail the extended fermion sectors studied in this work and derive 
the corresponding spectra and Higgs couplings. The anatomy of the Higgs-production and 
decay cross sections in the models at hand will be studied in Section 3, where we also give 
numerical predictions for various search channels. Finally, our conclusions will be presented 
in Section 4. 

2 Low Energy Spectrum and Higgs Couplings of the Models 

The emergence of light leptonic custodians in the MCHM5 has been motivated in [57] from 
a UV perspective for a complete composite Higgs model, and similar considerations hold, 
putting the tr into a 10 of 50(5) [59]. However, as mentioned before, the setup for our 
analysis of Higgs production and decay will only be the corresponding low energy theory, 
including the light custodians. Beyond that, we do not even have to rely on a certain UV 
completion of this model but rather consider it as a general low energy setup featuring a 
viable implementation of custodial protection, with the only additional assumption being 
that the scale of a possible UV completion is significantly larger than the mass-scale of 
the new fermionic resonances considered. The particle spectrum is then inspired by the 
prominent role of the third fermion generation. This will be the starting point for our 
analysis. 

In the case we do want to consider a model of GHU (or composite Higgs) completing 
this setup and causing the existence of the light resonances, this has however to be taken 
with a grain of salt. The 5D structure of this model leads to relations between different 
Kaluza-Klein (KK) modes of the same level such that the suppressed contributions of modes 
with masses significantly larger than the light custodians can be lifted by relatively larger 
Yukawa couplings in the triangle diagrams examined in Section 3. To consider really the 
full structure of the fermion sectors of these models at leading order, it seems important 
to take into account complete KK levels. 1 In the models that we will study, this is indeed 
assured (effectively). In one case, those heavy resonances, that are missing to complete 
the KK level of the light custodians that we consider, will have negligible couplings to the 
Higgs boson. In the other, it turns out that already those modes present in our low energy 
setup exhibit the structure that describes the full KK structure. The former is true for the 
Y sector in the MCHMs+io, while the latter happens for the top, bottom and r sectors. We 
will elaborate more on this further below. We now leave again the question of a possible 
UV completion for the next considerations. 

1 Note that in full 5D models all leptons live in representations of SO(5). 
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In chosing how to embed the SM fermion sector in enlarged representations, we are 
led by the assumption that the (right handed) top quark plays a special role in the fermion 
sector and that thus the new light resonances should complete the right handed top to form 
a representation under 50(5) and that the same could hold for the right handed r sector. 
The assumption that (only) those two SM fermions couple strongly to the new sector will 
also constrain the ranges that we will chose for the parameters of the models, see below. 

In consequence, the setup we want to consider for the following analysis corresponds 
to the SM Lagrangian, supplemented only with vector-like fermions, associated to the top 
and r sectors, that live in fundamental or adjoint representations of SO(5), such that there 
is a custodial protection for Z — > bib^ as well as Z — > trtr decays (which is important 
due to the non- negligible mixings with the new sector). We will now give the details of 
this setup, with the focus on the spectrum and the Higgs couplings. We start with the 
option of putting the fermions in the fundamental representation of 50(5). As mentioned, 
we will call this setup MCHM5 in the following, although for us it is only the low energy 
theory, featuring fermions in the fundamental representation of 50(5) and not a complete 
composite model. For the lepton sector, this model has been studied in [58] and we will 
give a short review of the key features in the following, generalizing the setup to include 
quarks [60]. After that we will spell out the low energy theory corresponding to the option 
of putting fermions in the adjoint representation, a 10 of 50(5) (MCHM10). 

2.1 MCHM 5 

The light r custodians present in this model in addition to the SM fermions are contained 
in the lepton-multiplets [58] 



where the given transformation properties correspond to (SU (2) l) y an d the SU(2)r quan- 
tum numbers are Tjj = 1/2 and Tj| = —1/2, respectively, following from the embedding 
in the full 50(5) x U(l)x gauge group. The superscript (0) indicates the current basis. 
The model is designed such that the custodial symmetry protects the Ztrtr coupling (see 
[61]). In addition, we assume a similar embedding of the quark sector, now featuring a 
protection for the Zbibi coupling. This is achieved by a setup which, due to the large top 
mass, leads to the light custodians 



The Lagrangian of our model consists of the SM operators, supplemented with all 
possible gauge invariant combinations involving the new fermion multiplets. Neglecting the 
first two generations, which are assumed to have negligible couplings to the new resonances, 
the mass and Yukawa couplings are given by 




(2.1) 




(2.2) 



,.7(0) (0) 



V + ZM rj?> - Ml M>2$ + Lf L L% + h.c. (2.3) 
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and 



£q = -v 9 #V4 0) - y' q + Q { M 4 Q) - m q [qSqSS + + fix. , (2.4) 



where Z^ and rjj (q^ and t R ) denote the third generation SM leptons (quarks). After 
electroweak symmetry breaking (EWSB) and in unitary gauge, the Higgs doublet is given 
by tp = l/y/2 (0, v+h) T , with v = 246 GeV and h the Higgs boson, whereas (p = ioi^p* ■ Note 
that we neglected the couplings of the right handed bottom quark (or the corresponding 
neutrino), which are SM like since there are no new resonances to which it could couple, due 
to the charges and multiplet structure of the MCHM5. The fact that different operators 
above have the same Yukawa couplings or vector-like masses is due to the Plr symmetry, 
exchanging SU(2) L o SU(2) R . 

The model is simple enough that compact analytical formulas can be derived for the 
physical masses and Higgs couplings of the extended fermion sector, which we will give here 
for the leptons. For the quarks, the same formulas hold with the replacements r — > t, E — > 
T,Y — > B, and N — > A and we will suppress indices if convenient. The only non-trivial 
fermion mass matrix (featuring non-vanishing Yukawa couplings) that follows from (2.3) 
belongs to the E (T) sector and reads 



Let us already make a first comment on the expected size of the entries of this matrix. 
Our working assumption is that the top-quark and the r lepton couple significantly, with 
a strength governed by the electroweak scale v, to the new physics and thus we expect 
y' ~ 1. The parameter y describes the mass term between the SM-like top (or r) fields and 
is thus governed to a large extend by their mass eigenvalues. The vector-like masses of the 
new resonances associated to the top and r sectors are, motivated by the exposed role of 
these fermions, expected to be significantly smaller than the general scale of new physics, 
i.e., O(TeV) > M > v. 

From the explicit perspective of a composite model for example, one expects the vec- 
tor like-mass M to be lighter than the scale of compositeness / S> M 3> v. The Yukawa 
coupling y parametrizes the interactions of the right handed r and t, which have a siz- 
able composite component, with the composite Higgs boson and their more elementary 
left-handed components, whereas y' describes interactions of the tr or tR with heavy com- 
posite resonances and the composite Higgs. In consequence both mass-couplings are non 
negligible, however one still expects typically v y <C v y' <C M, where the first should 
rather be a "<" for the top-quark sector. Remember that the flavor pattern of compos- 
ite Higgs models (featuring partial compositeness) matches nicely with the experimental 
observation that possible deviations from the SM in the third generation of fermions are 
less severely constrained. Beyond these considerations, note that already from the pure 
fact that no additional fermions have been found at the LHC yet, one expects M 3> v (see 




(2.5) 
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(2.8) below). We will use such insights on hierarchies in chosing the parameter-space for 
our scans in Section 3.3. 

The matrix (2.5) can be diagonalized via a bi-unitary transformation, Ai 5 U R = 
"^cliag = ( m ' r -'' mE i-> rnE 2)-> which due to the structure of (2.5) takes the simple form 



U L,R 



( c Ly R sl,r' 

SL.R 1 CL.R 

V2 V2 \/2 

i sl.r 1_ cl,r 

\ a/2 \/2 V2 



(2.6) 



with the sine and cosine of the mixing angles sl,r = svix{9l } r), cl,r = cos(#l^). The 
relevant input parameters of the model at this point are y, y' and M . However, it will be 
more convenient to use as input m T , sr, and M, where the first quantity is already fixed 
by experiment. The left-handed mixing parameter is related to them via 



sl = sr 



M 



(2.7) 



The physical non-SM states consist of three heavy particles of degenerate vector-like 



mass 



mjv = m E 1 = m Y = M, 



(2i 



and electric charges of Q = 0, —1, —2 (Q = 5/3, 2/3, —1/3) in the lepton (quark) sector. In 
addition, there is a heavier Q = — 1 (Q = 2/3) state with 



m E2 



M 2 mj 

^R~\ SR W 

The couplings of the fermions to the Higgs boson are given by 



c, 



f=E,T 



/5(0) /(0), T( /5(0) 



R 



h + h.c. . 



(2.9) 



(2.10) 



where V E5 ^ = ( T (°\ e[ 0) , E^) T , * T5(0) = (t (0) , T^, T 2 (0) ) T and 




(2.11) 



After rotating to the diagonal mass basis, the Higgs-coupling matrix with leptons becomes 

. ( 



9hs 



U 



L 9h5 



R 



c R m T 



s R c R m T 


2 



(2.12) 



\srcrM E2 s R M E2 



and similarly for the quark sector. It features off-diagonal entries, due to the presence of 
the vector-like masses M. Note that in the MCHM5 the new resonances belonging to the 
N, Y, A, B sectors do not couple to the Higgs, as one can not write a gauge invariant term 
mediating such a coupling. 
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2.2 MCHM 



5+10 



It is easy to show that, analogously to the discussion in [57], embedding the tr in an adjoint 
representation of SO(5) and requiring a custodial protection for the Ztrtr coupling leads 
to the following light custodians [59], belonging to a 10 of 50(5), 2 



L 



(0) 
1L,R 



L 



(0) 
3L,R 



p(o) 



P (0) 
^3L,R 
I y(0) 



(o) 




-3 J 
2 



< J « ~ 1-2- 



(2.13) 



(2.14) 



Note that we will keep the other lepton multiplets, as well as the quarks, in the funda- 
mental representation. 3 As a consequence, we do not give the quark sector for the 10, 
which can however be worked out straightforwardly. This setup can be seen as the most 
straightforward departure from the MCHM5 and, as we will detail further below, a first 
step towards the embedding of all SM fermions into 10s of SO (5) in a GHU model, while 
still describing the full fermion sector of the composite model by the light custodians in a 
simple and self-contained way. 

Here, again, the superscript (0) indicates the current basis and the SU{2)r quantum 
numbers are T| = 1/2,-1/2 for the two SU(2) L doublets, whereas the SU{2) L triplets 
are SU (2)# singlets and vice versa. The relevant part of the Yukawa and mass Lagrangian 
now reads 4 



C 



>(0) 1 f(0)~ 
L 1L<P + L 2iV 



.(0) 



M 



M 



r(0) r (0) , y-(0) v o 
^3L^3R Y 1L r lR 



~y<0) 1 r (0)I 



J 3R 
f(°) I~ 



= (0),(0) 
J 1L^1R 



4f + V2y*L^Y^ + h.c. . (2.15) 



K0)r(0) 
J 2L lj 2R 



: (°),^(°) 



(0)/ 
3ii 



After EWSB, we obtain the mass matrices 



A4j 



v 

71 



/y 



y 
y' 
Vo 





y 



V2 



M 



V2 



-y \ 

■y 

-y 

m) 



(\M 



M 



Y 



\ 



-y 

-M -v 



y 



-M , 



(2.16) 



for the Q = —1,-2 leptons, respectively. Again, the natural size of the parameters ap- 
pearing in (2.16) can be motivated from the expected degree of compositeness of the con- 
tributing particles, determining the overlap and thus the mass- mixings or more general 
considerations. We will give the ranges of parameters that we employ in Section 3.2. 



2 With some abuse of notation, we use the same names as already used for the MCHM5. However, the 
assignment will be clear from the context. 

3 For the low energy Lagrangian of the light custodians, given in this section, the embedding of the first 
two generations is irrelevant. 

4 Note that we will neglect the neutrino sector, as it is irrelevant for the following discussions. 
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Figure 1. First row: Leading-order contribution to Higgs-boson production via gluon-gluon fusion 
and contribution from heavy quark resonances to the same process; Second row: Leading contributions 
to the Higgs decay into two photons, given by a top-quark loop and a W -boson loop, as well as 
contributions from heavy fermion resonances to the same process. 

The rotations to the mass basis will be in analogy to (2.6), but now featuring larger 
matrices. We will resort to numerical methods for these diagonalizations in the following. 
Note that, if we are only interested in sums of ratios of Higgs couplings over masses, we 
can arrive at simple analytical expressions, avoiding the diagonalization procedure, see 
Section 3. 

The couplings of the fermions to the Higgs boson are now given by 



f=E,Y 



(2.17) 



where 



^io(0) = (T (o)^(0) )jB (o) )jB (o) ) T ) 



* Y1Q W = (Yi \Yi 0) ,YWf, 



(2.18) 



and 



f(0) _ dM£ 
9 h io ~ dv ■ 



(2.19) 



with / = E, Y. After rotating to the diagonal mass basis, the Higgs-coupling matrices 
become 

9L = uF*sfflv£°- (2-20) 



3 Higgs Production and Decay 
3.1 General Structure 

The presence of the new resonances has significant implications on the production and 
decay of the Higgs boson, which will be worked out in this section. The most important 
production mechanism for the Higgs boson at hadron colliders is gluon-gluon fusion, which 
in the SM receives its main contribution from a top-quark triangle loop, with a large 
coupling to the Higgs, see the leftmost diagram in Figure 1. In extensions of the SM this 
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process can receive corrections from new colored particles that propagate in the loop (see 
the second diagram in the figure) as well as from modified couplings of the SM quarks 
in the loop to the Higgs boson. Both effects are present in the models we consider. We 
parametrize the corresponding deviations by a rescaling factor n™ as 

°(gg ->■ ^)MCHM m = |«™| 2 a(gg -> h)su , (3.1) 

whose explicit form will be given further below for m = 5,5+10. Subleading, but nev- 
ertheless important, channels for Higgs production at the LHC are vector-boson fusion 
(VBF) qq(0 _> qq (')v*V* -> qq^h, with V = W,Z, associated vector-b oson production 
qq^ — > V* — > Vh, and associated top-quark pair production gg — > tS*fi—> tth, which all 
appear at the tree level, and the latter two will be abbreviated as Vh and tth. 5 As the 
theories we consider only change the fermion sector of the SM, the tree-level couplings of 
the Higgs boson to weak gauge bosons remain standard-model like. The same is true for 
the couplings of the first two generations of fermions, which, due to their small masses, are 
assumed to have negligible mixings with the new resonances. 6 Thus, to leading order, 

a ( VBF) MCHM m = ct(VBF) sm , (3.2) 
o{Vh)yicmA m = cr(Vh) SM , (3.3) 

m = 5, 5+10. Since gauge invariance guarantees that the couplings of the fermions to 
the gluon and photon are unchanged, the only correction to associated top-quark pair 
production in the models at hand arises through the deviation in the hti vertex. The real 
part of such a coupling of SM-type fermions with the Higgs, hff, normalized to the SM, 
is given by 

K 5 f = vRe[(g^) u ]/m f , (3.4) 
see (2.10), where (f,F) = (t, T), (6, B), (r, E) and 

5+10 = f vRe [(Sfcio)"] / m /> (f,F) = (r,E) 
f U, f = t,b 



see (2.17). We then get 



v{tth) MC HM m = (4) 2 a(tth) S M , (3.6) 



m = 5,5+10. 

We now turn to the decays of the Higgs boson. The most important modes for a Higgs 
of Txih ~ 125 GeV are h — > 77, WW, ZZ, 66, rr, gg, where the last one is extremely difficult 
to measure. Moreover, the decays to two photons or gluons are loop processes, whereas 
the other decays happen at the tree level. We parametrize deviations from the SM as 

r(h -> //) M CHM m = I4f T(h -> //) SM , (3.7) 

For the anatomy of these processes in the SM, see [62]. 
6 In extra dimensional extensions of the SM or composite Higgs models, with anarchic flavor structure, 
this assumption is motivated by the fact that the first two generations have negligible interactions with the 
KK excitations, or composite fermions. 
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/ = 7) W, Z, b, t, g. As discussed before, the decay to two vector bosons is unchanged in 
the models considered 

K$ = K% = 1, (3.8) 

m = 5, 5+10. Beyond that, the rescaling factors for the (tree-level) decays into two 
fermions, entering (3.7), have already been specified in (3.4) and (3.5). 

In the following, we will derive the explicit structure of the remaining rescaling factors, 
corresponding to loop precesses, which have not been detailed further yet, i.e., and 
Note that the first one enters in the same form in the gluon-gluon fusion process and in 
the decay of the Higgs to two gluons. Further below, we will relate the different rescalings 
to the parameters of the models under consideration. 

For the effective coupling to gluons we arrive at 

where Tf = Am^/m^. This expression is valid for both models, since we did not modify 
the quark sector in the MCHM5+10 with respect to the MCHM5. The first term in the 
numerator takes into account the change in the hff vertices appearing in the triangle loop, 
where we kept the contributions from the top and the bottom quark (see upper-left diagram 
of Figure 1 for f = t). The corresponding loop function A^(tj) approaches 1 for Tf — > 00 
(which is already a good approximation for t% ~ 7.5, leading to Ag (r*) ~ 1.03) and vanishes 
proportional to Tf for Tf — > 0. Its analytic form is given in Appendix A. We again consider 
only third generation fermions as the couplings of the others to the Higgs boson are strongly 
suppressed. The second term in the numerator of (3.9) represents the contribution arising 
from the virtual exchange of the heavy vector quarks (the top custodians), contained in 
\& T5 , which have significant couplings to the Higgs, see the second diagram in Figure 1. 
Remember that these resonances all couple diagonal to the gluons. Introducing already 
the corresponding lepton quantities which do not enter (3.9), but will be needed later, one 
obtains 



1/' 

Up 



y- ^ [iaDnn] F = T E 

' ' (3.10) 



,5+10 



, F = Y 



Y Re [(gfio)nn] p = E 
n=2 

Re [(g hlQ )nn] p = y 



(3.11) 



71=1 

Note that since all the new resonances are much heavier than the Higgs boson, the loop 
functions that would multiply the above quantities are equal to 1 to excellent approximation 
and thus could be omitted. 
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For the effective coupling to photons we obtain 

E /=t , 6 N c Q}nJA h q {r f ) + Q 2 T K™A h q (r T ) + A h w {r w ) + N <%4 + Y. F=Ey Q>F 

, (3 ' 12) 

where N c = 3, Q t = 2/3, Qb = —1/3, Q t ,e = —1, Qy = —2, and r^/ = 4m^?/m^. Here, 
we have already employed that k^ 5+1 ° = 1. The explicit expression for the form factor 
A^(tw), encoding the W^-boson contribution, can be found in Appendix A. The other 
quantities entering (3.12) have already been given before, see (3.4), (3.5), (3.10) and (3.11). 
The first, second, and third terms in the numerator above describe the effects of virtual 
SM-type quark, lepton, and W^-boson exchange, respectively. The fourth and fifth term, 
on the other hand, correspond to the contributions of the custodians. Corresponding one- 
loop graphs are shown in the second row of Figure 1 . Note that the amplitude proportional 
to Ayy(T~w) ~ —6.25 dominates in the SM and interferes destructively with the fermion 
contribution Ag(rf). Thus, adding just SM-like fermions, like a chiral t', will reduce the 
effective coupling to photons. However, if the new fermions get part of their masses from 
another mechanism than the Higgs, like vector-like quarks or leptons, it is in principle 
possible to enhance k™. We will see, that this is indeed the case for the MCHMs+io- 

3.2 Explicit Results in the Models at Hand 

We now give the explicit predictions for the various quantities defined in the previous 
section for both the MCHM5 and the MCHMs+io- To that extend, we should also specify 
the values we use for the free parameters of the models, which we will do further below. 

3.2.1 MCHM5 

Let us start with analyzing the MCHM5, where we obtained easy analytic formulas for the 
masses and Higgs couplings in Section 2.1. Employing (2.12) we directly arrive at 

4 = (c T R ) 2 , (3.13) 
4 = (4) 2 , (3.14) 

while 

4 = 1. (3.15) 
The Higgs couplings to two r-leptons and two top quarks are thus predicted to be reduced 

T t 

in the MCHM5. Note that at this point are free parameters of the model and thus 
allowed to take any value in their range of definition < < 1. Physically, these 
parameters describe the mixings of the tn and the tr to the new physics, which can reach 
from the decoupling limit — > 1 up to a 0(1) mixing, which would start at ~ \/y/2. 
For smaller values of c^ 4 , the r and the top quark will have typically stronger couplings 
with the new physics than the generic couplings (vector like masses) within the new physics 
sector. From the perspective of a composite Higgs model, c^' < l/\/2 would correspond 
to a full compositeness, which should be kept in mind when studying the impact on Higgs 
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decays. In that context, note that for M 3> mh, which we will assume in the following, 
the predictions in Higgs physics are in principle independent of the vector-like mass M 
itself. However, if direct searches push M beyond the TeV range (see (2.8)), the scale of 
the absolute mass-mixing between elementaries and composites that is needed for e^* <C 1 
could become problematic. 

For the quantities related to the couplings of the heavy resonances, see (3.10), we 
obtain again from (2.12) 

4 = (sr) 2 , (3-16) 
4 = (4) 2 - (3-17) 

Combining these results, we arrive at 

^ (c^+^(r 6 )+(^ _ 

i + A${n) " ' { ' 

where we have used A q (rt) ~ 1. Thus, neglecting small deviations from this approximation, 
the production cross section for the Higgs boson in gluon-gluon fusion is unchanged in the 
MCHM5, if one considers the low energy model of this work. There is a cancellation 
between corrections to the top Yukawa coupling and the contributions of the new top 
resonances, leading to a total contribution (normalized to the SM) of (c R ) 2 + (s R ) 2 = 1, 
which is independent of the parameters of the fermion sector. This result agrees with the 
findings of [63] (see also [64, 65]), which considers a complete composite Higgs model and 
thus additionally takes into account effects of the non-linearity of the Higgs sector, which 
are suppressed by v 2 / f 2 . For the effective coupling of the Higgs to two photons we obtain 
in the same way 



K 



5 



N c (Q 2 (c R ) 2 + Q 2 A h q (r b )) + Q 2 T (c R ) 2 A h q (r T ) + A h w (r w ) + N C Q 2 (^) 2 + Q 2 (s R )< 



N C (Q 2 + Q 2 A%(r b )) + Q 2 T A\{r T ) + A h w {rw) 
N C (Q 2 + Q 2 A h q {r b )) + Q 2 T ((c R ) 2 A h q (r T ) + (^) 2 ) + A h w {r w ) 
N C (Q 2 + Q 2 A^r b )) + Q 2 A%(t t ) + A h w (r w ) 



(3.19) 



From the second line above, one can clearly see that due to the contribution of the new 
leptons, the structure that lead to Kg « 1 (or K g sa \J\ — v 2 / f 2 in full composite models, 
see Section 3.4) for the Higgs coupling to two gluons is broken in Taking into account 
the lepton sector introduces a pattern which has not been considered in [63] , namely a light 
particle (m T <C m/J with a significant composite component (due to the mechanism which 
generates the light custodians). Because of |^(r r )| ~ 0.02 <C 1, the contributions of the 
SM-type lepton and the corresponding heavy resonances do not add up to a result which 
is independent from the model parameters. Their effect does not cancel, which is a very 
interesting and distinct feature of the lepton sector in these composite Higgs models. 

Moreover, neglecting the tiny contribution proportional to A q (r T ), we can easily see 

that 

4 « ~ 5 + ( ^ )2 . (3.20) 
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Thus, using the fact that < (s R ) 2 < 1 in the MCHM5, we arrive at the clear prediction 
< 1. Physically, this is due to the fact that the new vector- like lepton adds a positive 
contribution to the numerator of (3.19), interfering destructively with the leading term pro- 
portional to A^(tw)- Note that, if we want to think of a complete GHU model producing 
our setup, we are missing 3 (6) heavier vector-like resonances of the first KK level in the 
T,E (B) sector which couple to the Higgs boson and could potentially enter the low energy 
predictions. However, we have seen that the light top-like modes present in our setup 
already contribute a structure ~ (c R ) 2 + (s R ) 2 = 1 to K gi , independent of the fermion 
parameters, and similar, but featuring different loop functions, for the r. This agrees with 
the result of the corresponding full model, see [63, 64] (neglecting v/ f corrections due to 
the modification of the Higgs sector for the moment). Thus the full fermion structure of 
the 5D model is present in our simplified low energy setup of light custodians, parametrized 
by cr and sr [59] (if one wants to consider the setup as an effective theory of a composite 
model). For the B sector, an analogous discussion holds, since neglecting v/f corrections, 
the predictions are unchanged with respect to the SM in our setup. Concerning potential 
contributions of resonances belonging to the first two generations, keep in mind that in 
GHU the total changes in Higgs physics due to light generations is negligible [63]. We will 
comment on further corrections to the above picture in full GHU models later on. 

To summarize the findings of this section, the Higgs-production cross section is un- 
changed in our MCHM5 setup in the gluon-gluon fusion, VBF and associated TU^-production 
channels to very good approximation, see (3.1)-(3.3) and (3.18), whereas it is reduced in 
associated top-quark pair production, see (3.6) and (3.14). As discussed above, the de- 
cay cross sections into photons, r-leptons and top quarks are reduced in the model. The 
explicit results for the production cross section times branching fraction in the different 
channels will be discussed in detail in Section 3.3. 

3.2.2 MCHM 5+ io 

We now move over to the case of the MCHMs+io- Here, naively it seems that one would 
have to resort completely to numerical methods to diagonalize the more complicated mass 
matrices (2.16) to finally obtain the Higgs couplings in the mass basis (2.20) that enter 
the various effective couplings. However, we can use a trick to avoid this procedure. First, 
note that, neglecting the loop functions, (3.12) contains the structure 



where, rriE = m T . It turns out that these expressions can be summed analytically in closed 
form by using the relation (see e.g. [63]) 




F = E 



F = Y 



(3.21) 




(3.22) 
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where fh F n denote the mass eigenvalues belonging to the mass matrix Mf, i.e. mp n = 
m,F n _ 1 for F = E and mp n = m,F n for F = Y. Note that in order to evaluate the right hand 
side of (3.22) one does not have to go to the mass basis. This allows us directly to also 
arrive at analytical expressions for the MCHMs+iq. Applying (3.22) to (2.16) we obtain 7 



d\og(detM E ) _ 1 3v 2 yyy + yMM — 3v 2 yy'y 
dv v v 2 yyy + yMM - v 2 yy'y 

= I (i + 2 v 2 ^L-2v 2 ^C + 0(e 3 )) , (3.23) 
v V MM yMM J 

aiog(d o et - My) = 1 = l Uv 2 ^L+ ow) , (3.24) 

dv v MM + 2v 2 yy v \ MM J 

where we have denoted e ~ v/M,v/M. Note that, for a sector that involves only heavy 
particles, i.e., F = Y (where my 3> rrih leads to A^(t) « 1) the structure Ay (3.21) can 
directly be found in (3.12). 

The structure leading to the expression (3.23) is however broken since the correspond- 
ing sector involves light SM-fermions, with a different loop function. It is nevertheless 
possible to extract the light-mode contribution from the corresponding equations to order 
e 2 through the dimension six effective Lagrangian obtained from the integration of the 
corresponding vector-like fermions. Following [66] we obtain 

v i9 ^ )u = 1 - v 2 ( M- + + 2™L) + 0(e% (3.25) 
m Eo \2M 2 M 2 yMM J 

4 / £j \ i 1 2 l / 1 2 * 

y (9 hl0 )nn = \y\^ + \y\ + 2 Jy^_ + , 3) _ (326) 

^ m En _ x 2M 2 M 2 MM K ' 



n=2 



In this approximation it is thus possible to use (3.22)-(3.26) to sum up the different contri- 
butions to closed form to analytical results, see (3.5), (3.11), and (3.12). At this 
point some comments are in order. 

The expressions above contain quite a number of parameters and so will ^ i = t, 7. 
In order to make transparent the predictions of the MCHMs+io, we should specify the as- 
sumptions we make on the parameters and visualize the predictions for the different quanti- 
ties entering the effective Higgs couplings. To that extend we scan over the parameter-space 
of the model, varying the mass parameters in the range [0.4, 2.5]m cen t around their central 
values m cen t) which are given in Table 1, with a flat distribution (for the various Yukawa 
couplings we define m = vj\f2y). Note that all parameters, besides the vector- like mass 
terms M and M are allowed to have arbitrary phases. The magnitude of the corresponding 
parameters is motivated by the assumption that only the tr, responsible for the relatively 
large mass of the r, couples significantly to the new physics. As discussed, this corre- 
sponds for example to the low energy tail of composite models/GHU models featuring 
an A<± symmetry, and matches well with phenomenological constraints. The chosen range 



7 In the same way we could have derived the corresponding expressions for the MCHM5, getting the same 
results as the ones obtained employing the mass basis. 
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Parameter 


central value [GeV] 


\m ~ — rh\ 


1 


\m! ~ — rh\ 


100 


\m\ 


100 


\M\ 


400 


\M\ 


450 



Table 1. Assumptions for the free parameters of the MCHMs+io, defining m = vj\[2y for the various 
Yukawa couplings. All values are varied around the central value m cen t in the range [0.4, 2.5]m cent . 
Moreover, besides the vector-like mass terms M and M, all parameters are allowed to have arbitrary 
phases. 

for the (Kaluza-Klein) masses of the light resonances 160 GeV < M,M < 1125 GeV cor- 
responds to the natural range of models addressing the gauge hierarchy problem. The 
parameters will be constrained to result in a mass for the r-lepton that is in agreement 
with the experimental value, evaluated at the scale of the new resonances. As it turns 
out that the tr has a similar degree of compositeness as its light custodian partners (with 
opposite "sign"), we assume that fa = — m(l ± 10%) and m = —m'(l =t 10%). This 
approximate equality has important implications on the structure of (3.23), which then 
becomes dlog(detME)/dv 1/v. Thus, as in the case of the MCHM5, there is a can- 
cellation between the correction to the SM r Yukawa and the heavy resonances entering 
k™, that would lead to the same contribution of the complete r sector as the r contri- 
bution in the SM, i.e. a cancellation of the new physics effects if the r was heavier than 
the Higgs boson. However, as for the MCHM5, this is broken completely by the different 
loop functions for the r and its custodian partners. Nevertheless, this structure assures 
that, like in the MCHM5, we also capture the whole physics of the complete KK tower, if 
we want to consider our setup as a low energy tail of a GHU model. 8 In contrast to the 
case of the MCHM5, there are now additional contributions from exotic Q = — 2 fermions 
Y. In this case, as mentioned before, we do consider a complete KK level, as the missing 
heavy Y-fields belong to fundamental representations of 50(5) and thus have negligible 
Higgs-couplings . 

We thus expect in principle quite different signatures in Higgs Physics in the MCHMs+io 
with respect to the MCHM5. Putting more SM-leptons or the quarks into a 10 of SO(5) 
would spoil these considerations and thus the model we consider is a conservative choice, if 
one wants to capture the full structure of a composite model via the light-particle spectrum. 
While we expect the numerical results to change once we put the whole third generation 

8 Note that the structure leading to 91og(detA^B)/9u ~ 1/v grasps the physics of the whole KK tower 
even in the case of the MCHM5+10, where due to the various fermion representations present in the model 
two different trigonometric functions can arise [64]. This is due to the fact that the more composite tr just 
can mix with the 10, being only the almost elementary SM doublet II who connects both sectors. Therefore, 
similarly to what happens in the model considered in Appendix B of [64], the breaking of the above pattern 
in the complete composite model will be governed by the magnitude of Aj , a small parameter controlled 
by the size of the tau mass over the tr linear coupling. 
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Figure 2. Predictions for the quantities k^. +1 ° and 4+ 10 in the MCHM5_|_io plotted versus the pa- 
rameter A = 2MM/ (v 2 \y'y\), measuring the vector-like masses over the product of the compositeness 
of the right handed r with the Yukawa couplings of the new resonances. The points correspond to a 
scan over the parameter-space of the model. See text for details. 



into a 10, the qualitative behavior is expected nevertheless to be similar to our setup [59] 
and thus the model can be seen as a simple setup that allows to understand the behavior 
of the lepton sector of the full MCHMi . 

In order to explore the new features of the MCHM5+10 we now show scatter plots 
representing the predictions for ^l^y , and Ag for 10000 parameter points. They 

have all been obtained by an exact numerical diagonalization of the mass matrices (2.16) 
and a subsequent numerical evaluation of the Higgs couplings in the mass basis (2.20), 
employing the parameters given in Table 1, which are varied as described before. We plot 
the results with respect to the parameter 

T 2MM 

A = -^-^ , 3.27 
v \y y\ 

which measures the vector-like masses over the compositeness of the right handed r times 
the scale of the Yukawa couplings of the new resonances. Note that, due to y' ~ —y, at 
the same time it also is a measure for the size of the vector-like masses over the scale of 
the Yukawa couplings of the new resonances alone. It is thus expected that all the physical 
predictions of the model should scale with this parameter. 

In Figure 2 we show the effective coupling as well as ^J; +10 in the MCHM5+10 

with respect to A. One can clearly see that also in the MCHMs+io the couplings of the 
r-lepton to the Higgs boson are generically reduced. They are mostly in the range < 
^5+10 ^ ^ as £ Qr MCHM5 (see (3.13)), however a small enhancement seems also 
possible. For a compositeness scale of roughly one order of magnitude below the scale 
of the light resonances, A ~ 10, one can have a depletion of up to ~ 0.5. In the 

decoupling regime of large A, one approaches the SM value of k t = 1, as expected. The 
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Figure 3. Predictions for Xe and Vy in the MCHM 5+10 plotted versus A, measuring the scale of 
the vector-like masses of the new resonances over their Yukawa couplings. The points correspond to 
a scan over the parameter-space of the model. See text for details. 



contributions of the resonances of the t sector also become important for low A, i.e. of the 
order ^|; +10 ~ 0.5 for A ~ 10 (for the region with the largest density of scatter points), as 
can be read off from the right plot in the figure. From the plots one can already suspect 
the numerical confirmation of the discussion below (3.24), i.e., that in the MCHMs+io, in 



analogy to the MCHM5, the relation \e = k% = 1 holds to good approximation. 

This can be seen more clearly in the left panel of Figure 3, where we plot Xe versus A and 
find that indeed Xe ~ 1. The breaking of the exact relation is due to the fact that we did 
allow for small variations rh = —m(l ± 10%) and rh = — m'(l db 10%). Remember however, 
that both contributions to Ag enter with a different loop function. In the right panel 

of Figure 3 we show our predictions for i^y +1 °, plotted again versus A. We can see that 
this contribution can become negative which allows for a constructive interference with the 
W^-loop in h —7- 77 and finally leads to a possible enhancement in the Higgs decay into 
two photons, which is not possible to get in the MCHM5. 

Finally, we come to the results for /t^ +1 °, which due to the fact that the quark sector 
is unchanged with respect to the MCHM5 takes the explicit form 



,5+10 



N C (Q? + Q 2 b A h q (r b )) + A h w {r w ) + Q 2 T (4+ w A h q (r T ) + v 
N C {Q1 + QlAh{T b )) + AUtw) + QM£(tv 



5+10n 



5+10 



(3.28) 



The fact that, as explained before, \k. 



5+10|2 

7 



can now become bigger than one via the po- 



tentially negative contributions due to v Y +w can be seen clearly from the plot in Figure 4. 
We discover that for A ~ 20 we can get up to a doubling in the decay cross section h — > 77. 
Note however, that from the UV perspective of a GHU model, there are further constraints 
on the parameters. We will elaborate on this below. 
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Figure 4. Predictions for |k^, +10 | 2 plotted versus A. Note that the dependence on the parameters 
of the quark sector drops out to good approximation. The points correspond to a scan over the 
parameter-space of the model. See text for details. 



3.3 Phenomenological Implications 

We finally arrive at the predictions of the models for the various Higgs channels studied 
at the LHC. In the following, we are interested in the predictions for the Higgs-production 
cross sections times branching ratios in the models at hand, normalized to the corresponding 
SM expectations 

r = W(l>P ->• h)Br(h -> //)] M CHM m ( o 2q) 

f [a(pp ^ h)Br(h ^ ff)] SM ' 1 ' ' 

for / = 7, r, b, W, Z, where m = 5, 5+10. Moreover, we will also look at processes initiated 
by an explicit production mechanism of the Higgs Boson 

D i;m _ [<T(i)BT(h -> //)]MCHM m /„ 

H f - Hi)Br(h^ff)] SM ' ( j 

i = 99 ~ h, VBF, Vh, tth. For converting the results for the Higgs decays, derived in 
Section 3, into branching fractions, one has to take into account also the change in the total 
decay rate T(h) of the Higgs boson. For a SM Higgs with mass ~ 125 GeV, the total 
rate is dominated by its decay into bottom quarks. Explicitly, one finds Br(/i — > bb) ~ 0.59, 
Br(h -> WW) rj 0.23, Br{h -> gg) » 0.07, Br(h -»■ rr) » 0.06, and Br(h -»■ ZZ) « 0.03. 
In consequence, for the models at hand we arrive at 

R 7 ? = ^Mm^hl ~ o.59 \kF\ 2 + 0.07 |C| 2 + 0.06 fd 2 + 0.28. (3.31) 
r(n)sM 

The sought ratio of the branching fractions can now be obtained as 

Bv(h ->• //)MCHM m _ r(/l -+ //)mCHM 



Br(h ^ //)sm T(h //)sm 



/JZP . (3.32) 
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Figure 5. Left: Prediction for the production cross section times branching fraction for pp — > h — > 77 
in the MCHM5 relative to the SM versus the same ratio for pp — > h — > tt. The experimental 1 a 
contour from ATLAS is indicated as a green line (neglecting possible correlations) . The best fit value 
(i? 7 ,i? T ) CX p ~ (1.8,0.8) is shown as a green cross and the SM prediction (R 7 ,R t )sm — (1, 1) as a 
red cross. Right: Higgs production cross section in the tth channel times branching fraction h — > bb 
in the MCHM5 relative to the SM vs the equivalent ratio, assuming that the Higgs Boson has been 
produced via associated vector-boson production. 



It turns out, that the changes in the decay rate for the models considered will be of minor 

.5 _ „5-| 
v 9 ~~ h 9 



importance since we have k\ = ~ = k^ +10 ~ 1. We will nevertheless take them 



into account in the numerical analysis. 

We start with the results for the setup corresponding to the MCHM5 . In the left panel 
of Figure 5 we show the predictions for the change of the important discovery channel 
pp — > h — > 77 relative to the SM (neglecting for the moment tth production) 

ff5 „ [Br(/W77)] MC HM 5 ^ 
^~ [Br(/w 7 7)] SM ' (3 - 33) 

versus the change in the channel pp —> h —> tt 



[Br(h ->■ tt) 
[Br(/i — > tt)] gM 



rI « L " v ; • MCHM5 (3 34) 



Here, we have already employed the results cr(VBF)MCHM m = c(VBF)sm and cr(Vh)MCRM m 
= cr(Vh)sM , see (3.2) and (3.3). Moreover, due to Kg = k^ +1 ° w 1, we also could use 
a (d9 ~^ ^)mchm to ~ v{99 ^)sMj see (3.1). To obtain the predictions shown in the plots, 
we have used the results derived from evaluating (3.1), (3.7), (3.31), and (3.32). We show 
the full range for < < 1. For illustration, we give the experimental 1 a contour from 
ATLAS, extracted from [3], as a green line (neglecting possible correlations), whereas the 
best fit value (i? 7 , R T ) exp ~ (1.8, 0.8) is shown as a green cross. The results are comparable 
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Figure 6. Left: Prediction for the production cross section times branching fraction for pp — > h — > 77 
in the MCHM5 relative to the SM versus the same ratio for pp — > h — > tt. The intersections with 
the horizontal lines indicate the parameter (cj,) 2 that results in the corresponding prediction in the 
(i?^, i?^)-plane. See text for details. 

to those of the CMS experiment. The SM prediction (i? 7 ,i? T )sM = (1, 1) is given as a red 
cross. Although it is still too early to derive too strong conclusions from the experimental 
situation, one can see that if the experimental errors shrink and the central values would 
remain in the same ballpark, the MCHM5 would not be able to account for the resulting 
discrepancy. Going away from the SM limit (i.e. away from the decoupling limit cr — > 1) 
leads to a stronger tension with experiment than in the SM due to the fact that in the 
MCHM5 one can only get a reduction in the tt channel together with a reduction in the 
77 channel. The small width of the prediction for R^, for constant R^., reflects the fact 
that the corrections due to the quark sector are of minor importance in R^, see (3.20). The 
strong correlation between R^ and R^., both depending to good approximation only on the 
same parameter c T R (see also below) allows to easily constrain or rule out the model, after 
experimental results become more precise. 

We now turn to the decay of the Higgs boson into two bottom quarks. Note that, due 
to «jj = 1 and a-(Vh) M CRM m = c(Vh)sM, the process qq^ — > V* — > Vh, V = W,Z, with 
a subsequent decay h — > bb remains SM-like to good approximation (the deviation of i?p 
from 1 due to k^. 7^ 1 is only at the level of a few per cent) 

Jf' ;5 «l. (3.35) 

However, due to < 1 the search channel gg — > tt*t*t — > tih, h — >■ bb can receive a sizable 
suppression, which is illustrated in the right panel of Figure 5, where we show R? h ' 5 versus 
R^ h ' 5 . Once the experimental situation in these channels improves they will become a 
superb tool for measuring directly a possible reduction in the ith coupling. This prediction 
of the MCHM5, together with an expected more SM-like behavior in the Vh channel (both 
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Figure 7. Production cross section times branching fraction for pp — > h — > 77 in the MCHMs+io 
relative to the SM versus the same ratio for pp — » ft, — > tt. The experimental 1 cr contour from ATLAS 
is again given as a green line. The best fit value (R 1 , R T ) cxp ps (1.8,0.8) is shown as a green cross 
and the SM prediction (i? 7 , i? r )sM = (1, 1) as a red cross. The points correspond to a scan over the 
parameter-space of the model. 



in tentative agreement with latest CMS results [4]), would allow for another possibility to 
test the model. Since the formulas in the MCHM5 are easy enough, it is even possible to 
solve for the important parameters of the model, c R and c R , in dependence on the R\' J . 
Using (3.6) and (3.30) we directly obtain the approximate relation 

(4) 2 «^P- (3.36) 

In the same way one can solve for c R , using the information from Rz and R^.. The ap- 
proximate result, neglecting corrections due to Ag(rt) 7^ 1 A^{t t ) 7^ and 7^ 1, is 
shown in Figure 6 for illustration. The intersection of the straight lines, corresponding to 
different c R , with the prediction in the (R^-, i?^)-plane, depicted by the colored line, gives 
the MCHM5 result in dependence on the input parameter c T R . This would allow to get 
insight about the possible parameters of the extended fermion sector, once a more precise 
measurement (compatible with the predictions of the model) would be established. The 
orange color indicates values of c T R < 1/ \[2 that correspond to a large compositeness of the 
order of m! ~ M and should be taken with caution. 

Finally, it is clear from the previous discussion that also, if the Higgs boson is pro- 
duced in gluon-gluon fusion, VBF or associated VF^-production, the double-vector boson 
production through a Higgs remains unchanged to good approximation in the MCHM5, see 
(3.8), which is in reasonable agreement with first measurements of the experiments [3, 4]. 

We now move to the discussion of the MCHMs+io- As explained in Section 3.2.2, we 
expect different predictions for this version of the model. We start again by studying the 
correlation between i? 7 +1 ° and which is depicted in the plot in Figure 7. Now, as 
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Figure 8. Left: Predictions for R^ +1 ° plotted versus the parameter A = 2MM / (v 2 \y'y\), measuring 
the vector-like masses in the lepton sector over the product of the compositeness of the right handed 
t with the Yukawa couplings of the new leptonic resonances. Right: Analogous plot, now for R^ +1 °. 
The points correspond to a scan over the parameter-space of the model. See text for details. 

detailed in Section 3.2.2, the decay into photons can receive an enhancement with respect 
to the SM. Moreover, also in the MCHMs+io one gets the rough prediction < 1. 

Taken together this allows, in contrast to the MCHM5, for the possibility to reach the best 
fit value (i? 7 ,i? r ) CX p ~ (1.8,0.8) in the MCHMs+io- Note that this is possible without 
spoiling the rough agreement with the SM in the other channels, which are (besides tth 
production) unchanged to good approximation in the models at hand. Moreover, although 
due to the new Q = —2 resonances the correlations are not as strong as in the MCHM5, 
still, finding e.g. a reduced 77 signal, together with an enhanced tt rate, would exclude 
the model. To judge which scales for the parameters of the model lead to which prediction, 
we give in the left plot of Figure 8 our result for R^ +1 ° versus the parameter A (see 
(3.27)), measuring the vector-like masses over the product of the compositeness of the 
right handed r with the Yukawa couplings of the new leptonic resonances. This parameter 
is still appropriate, as the impact of the new quark sector on R^ +1 ° is very limited. We 
deduce that for moderately low scales A ~ 20, an enhancement of up to a factor of 2 in 
the pp — > h — > 77 channel is possible (see [6] in this context). We stress that, although 
significant changes in the couplings of the leptons to the Higgs sector appear, the agreement 
with electroweak precision observables is saved due to the custodial symmetry. In the right 
panel of the figure, we show the analogous plot for R^. +1 °. We observe that a reduction 
^5+10 ^ q 5 WO uld correspond to scales A < 20 (a non-negligible enhancement possible 
for such low scales comes with extremely large values of R^ +1 °). Such low scales would 
still be viable, given that the vector-like masses themselves are not beyond the TeV scale. 
Note that also in the MCHMs+iq the mass eigenvalues of the resonances alone have only 
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Figure 9. Production cross section times branching fraction for pp — >• h —> 77 in the MCHMs+io 
relative to the SM versus the same ratio for pp — » h — > tt. The experimental 1 cr contour from ATLAS 
is again given as a green line. The best fit value (i? 7 ,J? T ) cxp ps (1.8,0.8) is shown as a green cross 
and the SM prediction (i? 7 , i? r )sM = (1, 1) as a red cross. The points correspond to a scan over the 
parameter-space of the model with the constraint ^ y +1 ° > from GHU models. 

a limited impact on the size of the effects, as a larger mass can be compensated by larger 
Yukawa couplings. The question then becomes how large one could assume the values for 
the Yukawa couplings. For A of 0(1), these Yukawas would be of the order of the masses 
of the heavy resonances over v which could become problematic. Finally, concerning the 
decay into bottom quarks, the predictions in the MCHMs+io are comparable to those in 
the in the MCHM5, due to the unchanged quark sector. 

We have seen that in the MCHMs+io the strong correlations present in the MCHM5 
are washed out, making on the one- hand side the model less predictive but on the other 
allow in principle for a better agreement with preliminary results from the LHC. Still, as 
discussed above, correlations and empty regions of parameter space remain, allowing to 
test the model. 

So far, we have only constrained the parameters of the model roughly from naturalness 
arguments and phenomenology. However, as already mentioned before, in GHU models 
there are more correlations present between the parameters. For example such correlations 
will lead to relations between the numerator and the denominator of A, making it not a 
completely free parameter anymore, and the same holds true for c^ r . The results given 
above hence are more general in comparison to considering GHU models as a UV completion 
[59]. The predictions include those of GHU models as a subset. Moreover, it turns out 
that always ^y +1 ° > in GHU, making the model more predictive with respect to R^ +1 °. 
In Figures 9 and 10 we plot again the same quantities given before, now employing this 
condition. 

First, we can see that the condition eliminates the small amount of points correspond- 
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Figure 10. Left: Predictions for plotted versus the parameter A. Right: Analogous plot, now 

for R^ +1 °. The points correspond to a scan over the parameter-space of the model, employing the 
constraint vp~ 10 > from GHU models. See text for details. 

ing to > 1. This can be also understood from (3.25) and (3.26). Implementing the 

information form the GHU model leads to Re(yy) « — Re(yy') > (see (3.24)) and thus, 
directly from (3.25) we get < 1. Moreover, all the parameter-space with R^ +1 ° > 1 

is gone, as expected. In Figure 10 we give the dependence of the individual quantities on A 
in the constrained setup for completeness. Seeing our MCHMs+io as the low energy limit 
of a GHU model thus leads again to the robust prediction of Rp~ 10 < 1. Exploring 

the (Ry, -R r )-plane experimentally can on the one hand give hints if an extended fermion 
sector featuring custodial protection, as studied in this work, could exist and on the other 
hand could also say something about the possible UV completion of such a sector. 

Finally, as in the MCHM5, due to the SM-like coupling of the Higgs boson to bottom 
quarks and gluons, the double- vector boson production through a Higgs also remains un- 
changed to good approximation if the Higgs boson is produced in gluon-gluon fusion, VBF 
or associated vector-boson production. 

3.4 Impact of the Non-Linearity of the Higgs 

Up to now, we have neglected the effects arising from the pseudo-Goldstone boson nature 
of the Higgs boson in the corresponding UV completions. Considering this will lead to 
shifted Higgs couplings to the different fermions and gauge bosons of the spectrum. In the 
latter case, neglecting the mixing of the SM gauge bosons to their composite counterparts, 
everything is fixed by the quantum numbers and the symmetry breaking defining the 
composite model. For the models that we study we obtain [67] 




m 



= 5,5 + 10 



(3.37) 
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where we have defined £ = v 2 / f 2 as usual. 

In the case of fermions, we have to make the difference between the two cases considered 
in this paper, since the explicit expression for these additional corrections depends also 
on the different representations chosen for fermions. In the MCHM5, the corresponding 
modifications of the Higgs couplings to SM fermions read 



where / is running over all the fermions of the SM. Here and in the following we neglect 
v 2 1 f 2 corrections to contributions which are already suppressed by the new physics scale. In 
this approximation, all the v™ factors remain the same. The previous shifts in the fermion 
couplings to the Higgs boson will lead also to a suppression of the effective coupling to 
gluons, which now reads 



In the case of the MCHMs+io the expressions have to take into account that the tr is 
living in a 10 while the opposite chirality is embedded in a fundamental representation of 
50(5). This leads to [64] 



while the other couplings change analogously as in the MCHM5. 

We have implemented all these additional corrections in our phenomenological study, 
employing £ = 0.2, to see to what extend the previous picture is changed. The neglected 
effects arising from the non-linearity of the Higgs are a subleading correction to the shift 
in the Yukawa couplings for both the top quark and the r lepton in the regime where 
both fermions are mostly composite and strongly interact with the different vector-like 
resonances, although it can be important in the decoupling limit. 9 Comparing the plot in 
the left panel of Figure 11 to the equivalent one shown before, see Figure 5, we can see that 
taking into account the pseudo-Goldstone character of the Higgs boson leads to a further 
reduction in both the gg — > h — > 77 and rr channels in the MCHM5, where for the latter 
the Higgs is assumed to be produced in VBF or Vh production. Even though this is not 
shown in the figure, the same holds for gluon-gluon fusion. The different trigonometric 
rescaling appearing for the r in the MCHMs+io, see (3.40), leads to modifications to this 
picture, as can be seen comparing the right panel of the previous figure to Fig. 9. In 
this case, the larger suppression for the other fermions can in principle enhance h — > tt 
through VBF and Vh production. This is not longer true if we consider other production 
mechanisms like gg —> h or tth. A similar enhancement can happen in both models for 

9 We should stress that even for the more predictive and constrained 5D picture, we can still make the 
coupling of the SM fermions to the composite sector small without the need to reduce £. For instance, this 
can be achieved by UV localizing the corresponding fermions and thus making the interaction with the KK 
modes small. 




(3.38) 




(3.39) 




(3.40) 
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Figure 11. Left: Prediction for the production cross section times branching fraction for gg —> 
h — > 77 in the MCHM5 with respect to the same decay if the Higgs has been produced in VBF or Vh 
production, including leading order effects from the non-linearity of the Higgs sector. The red region 
corresponds to the prediciton neglecting the mixing with the composite lepton sector. Right: The 
analogous plot for the MCHMs+iq. 



h — > 77 in the production mechanisms induced by weak gauge bosons, as is shown in 
Fig. 12, because their smaller trigonometric suppressions can compensate the reduction 
in kV} coming from the mixing with the composite fermions. We should notice however 
that these plots are made using a moderately large value of £ = 0.2, which has to be 
compared for instance with the one arising from a 5D construction with a small KK scale 
of 1.5 TeV, which is £ ~ 0.1. Concerning the changes in Higgs decays to bottom quarks, 
the trigonometric rescalings of the fermion interactions lead to a reduction in both R, ' 5 
and the maximum possible R^' 5 . Finally, as can be seen from the red regions in the last 
two figures, which show the predictions neglecting the impact of light lepton custodians, 
their effect is important and should be taken into account. 

4 Conclusions 

We have studied the impact of modified fermion sectors, featuring a custodial symmetry 
that protects the Zbibi and Ztrtr vertices, on Higgs production and decay. On the one 
hand, these setups can be thought off as simple extensions of the SM, viable on their own. 
On the other hand, they can be particularly motivated as the low energy tail of composite 
Higgs models (MCHM^io) or models of gauge-Higgs unification. Here the particles we 
consider arise as light custodians, associated to the significantly composite top quark and 
r-lepton. Due to the simple structure of the setups considered, we were able to clearly relate 
our predictions to the model parameters. Moreover, as we explained, this framework allows 
to capture the physics of possible UV completions, e.g. models of gauge-Higgs unification, 
in a simplified way. Due to the full consideration of a realistic (composite) lepton sector 
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Figure 12. Left: Prediction for the production cross section times branching fraction for gg — ¥ 
h — > 77 in the MCHM5 including leading order effects from the non-linearity of the Higgs sector, 
relative to the SM versus the same ratio for h — > tt in VBF or Vh production. The red region 
corresponds to the prediciton neglecting the mixing with the composite lepton sector. Right: The 
analogous plot for the MCHM5+10. 



for the first time in the context of Higgs signals, we found a distinct phenomenology with 
respect to previous studies of composite models. In particular, we discovered generically 
a large reduction for the Higgs decay into two r-leptons in both setups considered, which 
is interesting in the light of the fact that a reduced r-signal still fits well with the data 
[3, 4]. On the other hand, neglecting possible UV completions, the new leptons of our 
framework of embedding the tr in a 10 of SO(5) allow in principle for an enhancement in 
the channel pp —> h — >• 77, in agreement with current results from the LHC [3, 4]. If the 
experimental trend is confirmed, it would favor such an embedding with respect to the one 
of the MCHM 5 . 

However, considering the setups as the low energy theories of gauge-Higgs unification 
models, results in further constraints on their parameters [59]. For instance, this leads to 
the clear prediction of a reduced di-photon signal, due to the extended fermion sector, also 
in the model featuring a 10, in analogy to the findings in the MCHM5 (which had been 
independent of possible UV completions). The clear correlations found e.g. between the 
77 and tt channels, especially in the model corresponding to the MCHM5, offer a nice 
possibility to discover or exclude the setups. We should notice here that additional effects 
arising from the non-linearity of the Higgs in complete composite models might lead to 
slight modifications of the previous picture like a possible enhancement for weak-boson 
induced processess. We have studied these effects in Section 3.4. Nevertheless, finding a 
slight reduction in the gg — )■ h — )■ 77 channel - which is still not excluded, considering 
the errors of current measurements - together with a depletion in the Ktt vertex could be 
interpreted as a hint for the compositeness of the r-lepton. Note that the phenomenology 
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is different from the one of other extra-dimensional realizations of TeV-scale physics, like 
general Randall-Sundrum models [8, 68-71]. As we have seen that large signals are not 
to be expected from the quark sector (in tentative agreement with LHC measurements) 
it could be the unexpected compositeness of the r-lepton that leads to first signals of 
compositeness in Higgs physics at the LHC. 

Acknowledgements We are grateful to Babis Anastasiou for stimulating discussions 
and Alex Azatov, Adam Falkowski, Giuliano Panico, as well as Jose Santiago for useful 
comments. The research of the authors is supported by the Swiss National Foundation 
under contract SNF 200021-143781. 



A Form Factors 

The form factors A^ w (t) which describe the effects of fermion and -boson loops in the 
production and the decay of the Higgs boson are given by [62] 



A h Jr) 



A h w {r) 



3r 



[l + (l-r)/(r)] , 

[2 + 3t + 3t(2-t)/(t)] 
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The function /(r) reads 
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